Developing autoreactive B cells edit their B cell antigen receptor (BCR) in the bone marrow and are clonally deleted when they fail to reexpress an innocent BCR. Here, inducible Cre-loxP-mediated gene inversion is used to change the specificity of the BCR on mature IgM ؉ IgD ؉ B cells in vivo to address the fate of lymphocytes encountering self-antigens at this developmental stage. Expression of an autoreactive BCR on mature B cells leads to their rapid elimination from the periphery, a process that is inhibited by constitutive bcl-2 transgene expression in an antigen dosedependent manner. Thus, selection of mature B cells into the long-lived peripheral pool does not prevent their deletion upon encounter of self-antigens.
Tolerance to self-antigens is critical in preventing autoimmunity in the organism. In the B cell lineage, central tolerance occurs in the bone marrow where immature self-reactive B cells edit their autoreactive B cell antigen receptors (BCRs) (1, 2) and may undergo anergy (3) or clonal deletion (4, 5) when they failed in this process. This prevents autoreactive B cells from gaining functional competence and entering the longlived peripheral pool. In addition, peripheral tolerance is thought to exist to control B lymphocytes that recognize tissueor organ-specific self-antigens.
Peripheral B cell tolerance previously had been studied by mating Ig-transgenic mice with mice that expressed the corresponding autoantigen in a peripheral organ (6) . In these studies, Ig-transgenic B cells were found in the bone marrow and not in the spleen and lymph nodes of the offspring harboring the organ-specific autoantigen, suggesting that these cells were eliminated at a post-bone-marrow stage of differentiation. However, it is not known whether under these experimental conditions clonal deletion of self-reactive B cells occurs at the mature or, indeed more likely, the ''transitional'' (7) immature-to-mature B cell stage of differentiation. Other studies have shown that peripheral B cells in the germinal centers undergo apoptosis in the presence of saturating amounts of antigen (8, 9) . This also can be applied to germinal center B cells expressing self-reactive somatic antibody mutants. However, germinal center B cells are thought to be programmed to die unless rescued by antigen-dependent and costimulatory signals (10) , so that their behavior may not reflect that of the bulk of the mature B cells in the peripheral lymphoid organs upon encounter of autoantigens. There is evidence that BCR engagement shortens the life span of the latter cells under certain conditions (11, 12) . The present study addresses this issue further by studying in situ the fate of IgM ϩ IgD ϩ mature cells that recognize a self antigen after their selection into the long-lived peripheral B cell pool.
Cre-mediated conditional gene targeting can be used to inactivate genes in vivo in a tissue-specific and temporal manner (13) . This often is accomplished by using Cre to excise a gene segment flanked by two loxP sites in the same orientation. However, Cre is also capable of inverting a gene segment if the two flanking loxP sites are placed in opposite orientation to each other. We have adapted this property of the Cre-loxP recombination system to change gene expression in vivo, specifically, to switch BCR specificity on mature B cells to study peripheral B cell tolerance.
MATERIALS AND METHODS
Construction of the 3-83B1-8f Targeting Vector. The targeting vector was a modification of pIVhL2neo r used by Sonoda et al. (14) . The V H 3-83 gene was cloned in a headto-head orientation upstream of the V H B1-8 gene in pBluescript. A third loxP site, inverted with respect to the two flanking the neo r gene, was placed downstream of the V H B1-8 VDJ. Finally, the restriction fragment comprising the two V H genes and the third loxP site was cloned into the unique ClaI-SalI site of pIVhL2neo r to generate the final targeting vector.
Transfection of Embryonic Stem (ES) Cells and Generation of 3-83B1-8f Mice. E14.1 ES cells (10 7 ) were electroporated with 10 g of NotI-linearized targeting vector as described previously (14) . Transfected ES cells were selected with G418 (350 g͞ml) and gancyclovir (2 M). Homologous recombinants first were identified by PCR by using a primer that anneals to the J H 2 element in the B1-8 VDJ (5Ј-CAAG-GCACCACTCTCACAGTCT-3Ј) and a primer that is located external to the targeting construct (5Ј-GGAAACTAGAAC-TACTCAAGCTA-3Ј). The expected sizes of the PCR products for the wild-type and targeted alleles are 2.2 and 1.4 kb, respectively. Homologous recombinants were later verified by Southern blotting by using an external probe as shown in Fig.  2 . The frequency of homologous recombinants was 1 out of 20 of double-drug-resistant clones. For the deletion of the neo r gene, homologous recombinants were transfected with pICCre (30 g͞10 7 cells) and G418-sensitive clones were selected. For the identification of clones that had deleted neo r only or that had deleted neo r and undergone an inversion event we used an internal probe as shown in Fig. 2 . Approximately 12% of the G418-sensitive clones had undergone an inversion event. ES cell clones with the correct configuration of the targeted allele were injected into blastocysts to generate chimeric mice for germ-line transmission.
Mouse Strains. The Mx-cre (15), 3-83i (16) , and B1-8f (17) mice used in this study were bred and maintained in our animal facilities. The E-bcl-2-22 transgenic mouse strain (18) was obtained from The Jackson Laboratory.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. Induced Inversion of the loxP-f lanked V H Genes. The 3-83B1-8f͞ϩ mice were crossed with the 3-83i͞ϩ and the Mx-cre mice to generate 3-83B1-8f͞ϩ, 3-83i͞ϩ, Mx-cre mice. These mice were given three doses of 1 mg anti-IL7R (A7R34) mAb i.v. every other day for a week (19) . Fluorescence-activated cell sorter (FACS) analyses revealed that the three doses of anti-IL7R mAb were sufficient to inhibit B lymphopoiesis in the bone marrow. To induce Crerecombinase expression and subsequent inversion of the loxPflanked gene segment, mice were given one dose (2 ϫ 10 6 units) of recombinant ␣͞␤ interferon (IFN) 1 week after the anti-IL7R mAb treatment. DNA was isolated from the livers of these mice to assess the efficiency of inversion by Southern blotting.
Flow Cytometry. Cells obtained from the various lymphoid organs of mice were stained with fluorochrome (fluorescein and phycoerythrin) or biotin-conjugated mAbs for flow cytometric analyses on a FACScan (Becton Dickinson) as described previously (20) . Biotin-conjugated mAbs were revealed with streptavidin-Cychrome. The following mAbs were prepared in our laboratory: R33-24. 
RESULTS

Experimental System for Changing Antigen Receptors on
Mature B Cells in Vivo. The strategy for changing BCR specificity on mature B cells is depicted in Fig. 1 . In our experimental system, developing B lymphocytes in the bone marrow first express a BCR of nonautoreactive but unknown specificity (21) . Its variable (V) regions are encoded by the heavy (H) chain V region gene V H B1-8 (22, 23) and the light (L) chain V region gene V 3-83 (6, 8) . At the mature B cell stage of differentiation and after the lymphocytes have seeded the peripheral organs, Cre recombinase is used to switch BCR specificity from that of V H B1-8, V 3-83 to that of V H 3-83, V 3-83. This second BCR recognizes MHC class I molecules of the b and k haplotype with high affinity but does not bind or binds weakly those MHC class I molecules of the d haplotype (4, 6) . Thus, it is autoreactive in mice of the H-2 b but not H-2 d haplotype.
Generation of Mice Allowing Inducible, Cre-Mediated Change in B Cell Antigen Receptor Specificity. For the generation of mice that allow inducible switching of BCR specificity, we positioned two rearranged variable (V) region genes, V H B1-8 and V H 3-83, into the IgH locus (24) . The gene-targeting strategy and characterization of recombinant ES cells by Southern blotting are depicted in Fig. 2 . The two V region genes, flanked by loxP sites (floxed) in opposite orientation, are placed head to head in opposite transcriptional orientation such that V H B1-8 will be expressed first (Fig. 2 A) . Transient transfection of targeted ES cell clones with a Cre-expressing plasmid yielded subclones that had deleted the neo-resistance (neo r ) gene or had deleted the neo r gene and undergone a gene-inversion event (Fig. 2B) . The occurrence of the latter in the rapidly dividing ES cells demonstrates that Cre-mediated gene inversion is not necessarily detrimental to mammalian cells in vivo, contrasting a previous report (25) . We designate the targeted IgH allele, from which the B1-8 H chain is first expressed, as 3-83B1-8f. The second targeted allele, generated by inversion and allowing expression of the 3-83 H chain, is designated B1-83-83f. It is evident in the present strategy that one can obtain two strains of Ig insertion mice with a single gene-targeting event. This can be achieved either by injecting ES cells bearing the two different targeted alleles separately into blastocysts to derive the two strains of mice, or by crossing mice bearing one of the targeted alleles (e.g., 3-83B1-8f) with the deleter mice (26) to derive the second strain (e.g., B1-83-83f).
B lymphopoiesis in 3-83B1-8f͞ϩ mice is normal and the size of the peripheral pool is comparable to that of wild-type animals (data not shown). Heterozygous mice carrying the 3-83B1-8f allele, which is of the a allotype, and a wild-type IgH b allele exhibit perfect allelic exclusion of the latter (data not shown). The anti-idiotypic antibody (Ab), Ac146 (22, 23) , recognizes the V region encoded by V H B1-8 in combination with and most Ig L chains. Flow cytometric analysis of 3-83B1-8f͞ϩ mice indicated that Ͼ70% of the B cells are Ac146 ϩ and essentially all B cells express this idiotype (Id) when the 3-83 L chain is introduced as a transgene (16, 21) into the mice (Fig. 2C) noninverted alleles. To directly compare the in vivo efficiency of Cre-mediated gene inversion with that of deletion, we injected type I IFN into 3-83B1-8f͞ϩ, Mx-cre and B1-8f͞ϩ, Mx-cre mice, derived, respectively, from crosses of 3-83B1-8f͞ϩ and B1-8f͞ϩ mice with the Mx-cre mice (15) . The B1-8f͞ϩ, Mx-cre mice harbor a floxed V H B1-8 gene that can be inducibly deleted (17) . In both mice, the floxed gene segments are of equivalent size (3 kb) and are targeted into the same locus, thus ruling out any size and positional discordance in the comparison. To avoid biasing of the results through cellular selection, we assayed the efficiencies of gene deletion and inversion in liver cells where Ig V region genes are not expressed. As shown in Fig. 3 , the level of Cre-mediated gene deletion after a single, nonsaturating dose of IFN is approximately 55% whereas that of inversion is 20%. Thus, the efficiency of cre-mediated gene inversion is 40% of that of deletion, i.e., close to the theoretical expectation of 50%.
Rapid Elimination of Mature B Cells upon Expression of an Autoreactive Antigen Receptor. For the analysis of peripheral B cell tolerance, we crossed 3-83B1-8f͞ϩ, Mx-cre mice with 3-83i͞ϩ mice (16) . Before the induction of the BCR specificity switch on B cells by IFN injection, these mice were treated with the anti-interleukin-7 receptor (IL-7R) mAb to block B lymphopoiesis in the bone marrow (19) . This is to ensure that the subsequent analysis of peripheral B cell tolerance is restricted to the mature IgM (Fig. 4A and data not  shown) . In addition, the population of Ac146 low cells also is not detected (data not shown).
To ensure that the V H 3-83, V 3-83 receptors are indeed expressed on the cell surface of H-2 b͞d B cells, we examined these cells at very early time points after IFN injection. Indeed, as shown in Fig. 4B , 54.1 Id ϩ B cells can be seen in Dtg, Mx-cre, H-2 b͞d mice 12-16 hr after IFN treatment. However, these cells express lower levels of the autoreactive BCR on their cell surfaces than control Dtg, Mx-cre, H-2 d͞d mice, perhaps reflecting the fact that these receptors continuously are being internalized upon engagement of the self-antigen. Since cells expressing the 54.1 Id are no longer detected in mice of the autoreactive background 1-2 days after IFN treatment, mature B lymphocytes that recognize a membrane-bound self-antigen with high affinity appear to be eliminated rapidly in the periphery. 
DISCUSSION
The experimental strategy described here has allowed us to establish unequivocally that mature autoreactive B cells that recognize a membrane antigen with high affinity are eliminated by what appears to be clonal deletion, as indicated by the partial rescue of these autoreactive cells with a bcl-2 transgene.
Could our results be influenced by the IFN given to the animals to induce expression of the autoreactive BCR, given that type I IFN seems to increase the sensitivity of B cells to BCR ligation (29) ? While this possibility can be excluded formally only in an experimental system that allows efficient Cre induction by a different inducer, we consider it unlikely. The high affinity of the 3-83 antibody for its target epitope together with the multivalent interaction of the 3-83 antibodyexpressing B cells with their cellular target should guarantee potent B cell triggering also in the absence of IFN, which does not have a potentiating effect under the condition of saturating stimulation through the BCR (29) .
Thus, selection of the mature IgM ϩ IgD ϩ B cells into the peripheral pool does not appear to prevent their rapid elimination once they encounter self-antigens in the periphery that bind to their BCR with high affinity. This rapid clonal deletion may reflect the physiological need to establish peripheral tolerance quickly to avoid autoimmunity. Given this rapid elimination process, it is unlikely that the mature autoreactive B cells that recognize membrane antigens with high affinity have the opportunity to edit their receptors even though RAG genes have been reported to be expressed in the periphery (30, 31) . Indeed, recent studies have indicated that editing of high-affinity receptors may be confined to developing B cells (32) , whereas mature B cells initiate receptor editing only upon low-affinity antigen binding (33) . Presently, it is not known whether the lack of persistence of these mature autoreactive B cells results from a lack of T cell help after BCR engagement by membrane self-antigens, and whether the elimination process requires the presence of T cells and occurs via Fas-Fas ligand interaction (34) .
The current experimental system now will allow us to address the mechanism(s) of peripheral tolerance that acts on Ig class-switched memory B cells whose BCR cross-reacts with self-antigens. This is of particular interest as memory B cells are selected and, perhaps, maintained on the basis of their high-affinity recognition of antigens.
Finally, the Cre-mediated gene inversion strategy allows one to reversibly or irreversibly (35) change gene expression in vivo. It thus can be used as a molecular ''on͞off'' switch to study the reversibility of a mutant phenotype.
